Nutritional conditions in early life may affect adult health, but prior studies of mortality have been limited to small samples. We evaluated the relationship between pre-/perinatal famine exposure during the Dutch Hunger Winter of 1944-1945 and mortality through age 63 years among 41,096 men born in 1944-1947 and examined at age 18 years for universal military service in the Netherlands. Of these men, 22,952 had been born around the time of the Dutch famine in 6 affected cities; the remainder served as unexposed controls. Cox proportional hazards models were used to estimate hazard ratios for death from cancer, heart disease, other natural causes, and external causes. After 1,853,023 person-years of follow-up, we recorded 1,938 deaths from cancer, 1,040 from heart disease, 1,418 from other natural causes, and 523 from external causes. We found no increase in mortality from cancer or cardiovascular disease after prenatal famine exposure. However, there were increases in mortality from other natural causes (hazard ratio = 1.24, 95% confidence interval: 1.03, 1.49) and external causes (hazard ratio = 1.46, 95% confidence interval: 1.09, 1.97) after famine exposure in the first trimester of gestation. Further follow-up of the cohort is needed to provide more accurate risk estimates of mortality from specific causes of death after nutritional disturbances during gestation and very early life.
Variations in maternal nutrition during pregnancy may result in changes in fetal structure and function that affect susceptibility to chronic disease in later life (1) (2) (3) . This body of literature builds on ecological studies by Kermack et al. (4) and Forsdahl (5) linking circumstances around the time of birth with adult death from heart disease and other conditions. The so-called "fetal origins hypothesis" was popularized following Barker's studies on the relationship between size at birth and later health (6) .
Birth weight is inversely associated with coronary heart disease (7) (8) (9) and with hypertension, insulin resistance, type 2 diabetes mellitus, and impaired glucose tolerance (10) (11) (12) (13) (14) (15) (16) (17) . Birth weight is also associated with mortality, both directly from cancer (18) and inversely from circulatory diseases (19, 20) .
A well-recognized limitation of these studies is that birth weight is a poor measure of maternal nutrition during pregnancy. Even when pregnant women are exposed to extreme starvation, a decrease in infant birth weights is seen only after exposure in late pregnancy (21) . Because exposure to severe famine in early gestation (but not in late gestation) is associated with hypomethylation in key regulatory enzyme pathways (22) , it is clear that further research on the longterm consequences of fetal programming needs to move beyond studies of birth weight (23) .
The circumstances of the Dutch Hunger Winter of 1944-1945, with civilian starvation caused by the conditions of World War II, offer a special opportunity to study the relationship between maternal nutrition in pregnancy and adult health (24, 25) . The severity and widespread nature of the famine have been fully documented (24, [26] [27] [28] . The famine ceased soon after the German surrender in May 1945, when Allied food supplies were rapidly distributed across the country (Figure 1 ).
Prior studies have shown an increase in body mass index (weight (kg)/height (m) 2 ) and the prevalence of type 2 diabetes mellitus in both men and women after prenatal famine exposure (29) (30) (31) (32) , but results have been inconsistent with respect to cardiovascular disease (33, 34) . In a small study, women with early-gestation famine exposure were found to have an increased risk of breast cancer (35) . To date, mortality studies have been limited to fetal and infant mortality (36) or to small studies with few deaths (37) .
We used the quasi-experimental circumstances of the Dutch famine to determine, in national male birth cohorts, whether famine exposure during gestation is associated with mortality from selected causes between the ages of 18 and 63 years. Our aim in this study was to collect reliable empirical evidence for any such association and to help formulate specific hypotheses for testing in later studies. We reported previously that famine exposure during the first trimester of gestation (but not in other periods of gestation) was associated with an increase in all-cause mortality (hazard ratio (HR) = 1.12, 95% confidence interval (CI): 1.01, 1.24) (38) .
METHODS

Study population
As described previously, we studied male conscripts who had been born in the Netherlands between January 1, 1944, and December 31, 1947, and were examined for military service at age 18 years (38) . These physical examinations include all male Dutch citizens aged 18 years who are listed in national population registers, except those living in psychiatric hospitals or in special institutions for the blind or the deaf-mute (0.6%). For those not examined, the military record still provides full demographic information and relevant medical diagnoses from the institution for complete mortality follow-up.
We considered all men born between November 1944 and March 1946 in any of the 6 most affected cities in the western Netherlands (Amsterdam, Haarlem, Rotterdam, The Hague, Leiden, and Utrecht) as likely to have had gestational famine exposure (n = 25,283). To select unexposed controls, we randomly sampled 15% of men born before November 1944 or after March 1946 in these same cities (n = 10,667) and 3% of men born between 1944 and 1947 in the remainder of the country (n = 9,087). This provided us with 45,037 physical examination records for mortality follow-up. Famine exposure was not related to hospitalization in psychiatric or special institutions.
Under confidentiality procedures approved by the Dutch military, identifying numbers from the examination records were linked to individual names by the Office of Registration and Information on Discharged Personnel at the Netherlands Ministry of Defence and further linked to population and death records at Statistics Netherlands. Additional details are given elsewhere (38) . Study investigators had no access to individually identifiable information, and by determination of the Columbia University Medical Center Institutional Review Board, the US Department of Health and Human Services definition of "human subjects" did not apply to this study population. Follow-up continued through 2010 for all men, by which time the youngest survivors (those born in December 1947) were 63 years of age. The death records provide primary and secondary causes of death, classified according to the version of the International Classification of Diseases (ICD) that was in use at the time of death (see Web Table 1 , available at http://aje.oxfordjournals.org/).
Famine exposure
Famine exposure in any specific trimester of pregnancy was defined as a mean caloric ration of 900 kcal/day or less during that trimester (based on date of birth) in relation to distributed weekly food rations in the western Netherlands, assuming a uniform gestation period of 9 months (38) . Accordingly, persons born between November 1, 1944, and March 31, 1945 , were defined as having been exposed during the immediate postnatal period; persons born between February 1, 1945, and June 30, 1945, were defined as having been exposed during the third trimester of pregnancy (T3); persons born between May 1, 1945, and September 30, 1945 , were defined as having been exposed during the second trimester of pregnancy (T2); persons born between August 1, 1945, and December 31, 1945, were defined as having been exposed during the first trimester of pregnancy (T1); and persons born between November 1, 1945, and March 31, 1946, were defined as having been exposed during the periconceptional period. We also considered exposure to famine at any time in gestation by defining as "exposed in T1-T3" any individual with famine exposure in T3, T2, or T1 (Figure 2 ).
Relevant characteristics from military examination interviews
We selected for further analysis specific information collected at the medical examination that reflected birth characteristics (father's occupation, religion) as one subgroup and characteristics that might plausibly mediate the relationship between famine exposure and mortality (education, body mass index, fitness for military service) as another subgroup (38) . Educational level was classified in 4 categories (39): primary school (ages 6-12 years); lower vocational education (2 years post-primary school); lower secondary education (4 years post-primary school); and more advanced secondary education (≥6 years post-primary school). Men who did not complete primary school or who attended schools for the physically or mentally disabled were placed in a separate category.
Father's occupation was classified as nonmanual or manual. The nonmanual group included upper professional, lower professional, managerial, and clerical occupations, and the manual group included self-employed proprietors, craftsmen and foremen, shop assistants, operatives, process workers, domestic and other service workers, mine workers, and laborers. Farm workers and farm owners were classified separately in view of their likely easier access to food supplies during the famine. Unknown paternal occupations were also classified separately.
Religion was classified as Roman Catholic, Protestant (Dutch Reformed or Calvinist), other, or none, based on selfreport. The number of siblings as reported by the examinee was used as an indication of family size. Religion was analyzed in view of the prevailing regional gradient in the Netherlands (Protestant north vs. Catholic south), its relationship to socioeconomic group, and the late fertility decline among Dutch Roman Catholics in comparison with other religious denominations (40) .
Place of birth as recorded in the national population register was confirmed at military examination.
Examination results were summarized as a determination of status regarding fitness for military service (fit, almost fit, fairly fit, or unfit). Body mass index was calculated from measured weight and height and classified into 4 categories: <19, 19-20, 21-24, or ≥25.
Causes of death
Causes of death were coded according to the International Classification of Diseases, Tenth Revision (ICD-10), for deaths recorded during the years 1996-2010, the Ninth Revision of the ICD for deaths recorded in 1979-1995, the Eighth Revision for deaths recorded in 1969-1978, and the Seventh Revision for deaths recorded in [1963] [1964] [1965] [1966] [1967] [1968] . Following the primary study question, we first examined deaths from cancer (malignant neoplasms), heart disease, and other causes of death, including other natural causes of death and external causes of death. Codes from all previous versions of the ICD were translated to ICD-10 codes. Web Table 1 provides the specific codes used for each revision of the ICD. In subgroup analyses, we examined all ICD-10 categories that included 100 or more deaths.
Statistical analysis
We created binary variables (1 if exposed; 0 otherwise) for each of the 5 famine exposure categories (immediate postnatal period, T3, T2, T1, and periconceptional period) and 
Figure 2. Famine exposure categories for 5 pregnancy cohorts among births taking place in the western Netherlands during the Dutch Hunger Winter, January 1944-April 1946. Famine exposure was defined as an average distributed food ration of 900 kcal/day or less during the exposure period of interest. PN, postnatal (exposed in the immediate postnatal period); T3, third trimester (exposed during the third trimester of pregnancy); T2, second trimester (exposed during the second trimester of pregnancy); T1, first trimester (exposed during the first trimester of pregnancy); PC, periconception (exposed just before the estimated date of conception).
for the combined exposure category T1-T3 (1 if exposed in T1, T2, or T3; 0 otherwise). For each of the 5 exposure periods from immediate postnatal period to periconception, we estimated the period-specific mortality risk using all available controls after removing births that occurred in any of the other 4 exposure periods. For the combined exposure category T1-T3, we estimated risk after removing births with only immediate postnatal or periconceptional exposure from the model. Therefore, all exposurespecific risk estimates used the same control group. The study outcome was mortality from selected causes of death between the ages of 18 and 63 years.
Age at death was evaluated in Cox proportional hazards models (41) with age as the time scale, using the stcompadj procedure (42) in STATA (StataCorp LP, College Station, Texas) (43) . Age at study entry was set at 18 years, and age at follow-up was determined by age at any of the following events: death, emigration, or loss to follow-up from other causes. The STATA stcompadj procedure allows for the analysis of competing risks (causes of death) using the Cox proportional hazards model. We confirmed the adequacy of the proportional hazards assumption by examining plots of Schoenfeld residuals (44). Two-tailed significance tests were used throughout. Statistical significance was declared at P < 0.05. The causes of death were also evaluated with Fine and Gray proportional hazards models for competing risks (45) .
In sensitivity analyses, we compared the mortality estimates for each of the 5 exposure groups taken singly with estimates including additional adjustment for all other exposure groups. We also compared the estimates for selecting as the control group either births taking place in the famine cities before the famine (prefamine time controls) or after the famine (postfamine time controls), births occurring in the remainder of the country ( place controls), or all controls combined. We also compared any changes resulting from adding to the analysis all men with missing death information under the assumption that they were still alive. The mortality estimates did not change in any of these scenarios.
RESULTS
Of the 45,037 men sampled for tracing, vital status in 2010 was ascertained for 41,096 (91.2%); 36,088 men (80.1%) were known to be alive at age 63 years. Follow-up status was incomplete (because of emigration and other right-censoring events) for 1,316 men (2.9%) and entirely unknown for 2,625 (5.8%). There were minor variations in follow-up status by exposure category or place of birth (Web Table 2 ).
The prefamine and postfamine time controls from the urbanized western part of the country and the place controls from the less-urbanized and rural areas in the north, south, and east differed somewhat in terms of characteristics at examination ( Table 1) .
The number of recorded deaths during the follow-up period was 5,011 (11.1%), after 1,853,023 person-years of observation. Cancer accounted for 38.7% of recorded deaths, heart disease for 20.8%, other natural causes for 28.3%, and external causes for 10.4% ( Table 2 ). The most common deaths from other natural causes were from ill-defined conditions, diseases of the circulatory system (excluding heart diseases), and diabetes mellitus. The most common deaths from external causes were from transport accidents and intentional self-harm. Table 3 shows hazard ratios for selected causes of death among men born after famine exposure. After famine exposure, during trimesters T1-T3 of gestation, there was no increased mortality from cancer (HR = 0.98, 95% CI: 0.87, 1.11), from heart disease (HR = 1.07, 95% CI: 0.91, 1.26), from other natural causes of death (HR = 1.06, 95% CI: 0.93, 1.26), or from external causes of death (HR = 1.14, 95% CI: 0.90, 1.44). However, famine exposure during early gestation (T1) was associated with increased risks of mortality from other natural causes (HR = 1.24, 95% CI: 1.03, 1.49) and from external causes (HR = 1.46, 95% CI: 1.09, 1.97).
The borderline elevated hazard ratio for heart disease (ICD-10 codes I20-I52) after famine exposure in the third trimester of pregnancy (HR = 1.19, 95% CI: 0.99, 1.43), as seen in Table 3 , was not confirmed for the major subgroups "ischemic heart disease" (ICD-10 codes I20-I25) and "other forms of heart disease" (ICD-10 codes I30-I52) (Web Table 3 ).
By contrast, the reduced hazard ratio for malignant neoplasms after exposure during the periconceptional period (HR = 0.85, 95% CI: 0.74, 0.99), as seen in Table 3 , reflects a trend in all of the 5 major subgroups, although in each group the number of cases and study power was too small for statistical significance (Web Table 3 ).
Within the other natural causes of death, the data suggested a similar relationship between early-gestation exposure and increased mortality for deaths from ill-defined and unknown causes (HR = 1.46, 95% CI: 1.02, 2.10), cerebrovascular diseases (HR = 1.55, 95% CI: 0.95, 2.51), and diabetes mellitus (HR = 1.61, 95% CI: 0.91, 2.86), although for some of these subgroups the number of cases and study power was again limited. Within the external causes of death, mortality from transport accidents and mortality from intentional self-harm appeared to show similar elevations after early-gestation famine exposure (Web Table 3 ).
We adjusted in all models for paternal occupation, religion, educational level, body mass index, and fitness for military service at age 18 years. The reported associations did not change with the removal of these covariates. Cox proportional hazards models with and without adjustment for competing risks gave the same mortality estimates as calculated to the second decimal point. Potential differences in cohort heterogeneity were evaluated with Gompertz models with or without a frailty (γ) parameter. The results from these models did not show detectable frailty within our defined clusters (with frailty variance components θ equal to 0 and associated P values equal to 1), and the mortality estimates did not differ from the reported estimates from the Cox models.
DISCUSSION
To our knowledge, this study was the first to quantify in national birth cohorts the relationship between exogenous nutritional challenges during well-defined periods of pregnancy and long-term mortality from selected causes of death. Our study advanced the field by using extreme variation in maternal nutrition during well-defined periods of pregnancy and by moving beyond the limitations of birth weight as a general indicator of nutrition in pregnancy. Because the study outcomes were based on death certificates, disease incidence could not be examined.
This study did not show a relationship between pre-/perinatal famine conditions and subsequent mortality from cancer or cardiovascular disease as we had expected. However, there were increases in deaths from other natural causes and from external causes, although the results reflected relatively small numbers of events, even in this national population.
We estimated mortality risks from individual models for each single famine exposure period and from aggregate models with simultaneous adjustment for all exposure periods. The estimates did not differ. The observed patterns were robust to adjustment for several individual characteristics, including father's occupation, religion, educational level, and health status, which are strongly associated with survival through age 63 years in the study population (38) . Therefore, there was no suggestion of mediation of long-term mortality by characteristics observable among young adults that might be amenable to intervention.
The observed patterns were also robust to the use of different control groups. This suggests that early childhood exposure to the famine for subjects born just before the famine had no impact on long-term mortality in this population.
We do not think our results could be explained by selective losses to follow-up. The births that took place in the famine and control cities during the time period under study were fully accounted for by tracing the men from birth to age 18 years, when they were examined for military service (24), and our statistical analyses failed to show any frailty differences in comparisons of different exposure categories. The group lost to follow-up was also small (less than 6% of the study population) and was evenly distributed across exposure categories. Furthermore, a comparison of demographic and examination characteristics recorded at age 18 years among traced and untraced men showed no significant differences (Web Table 2 ). Mortality risk estimates for specific exposure periods did not change in sensitivity analyses that modeled men with missing death information as being still alive. It is a limitation of our study that the military examination files do not include information on smoking habits. At the time of examination, 82% of men in the Netherlands were smokers (46) , and the average age of smoking initiation was 16 years, with only 5% of men starting to smoke in adulthood (47) . Therefore, it is likely that the majority of examinees were smokers. The lack of information on smoking is a a Causes for which there were at least 100 deaths. b The "other" category includes all ICD-10 codes with fewer than 100 deaths. potential concern. However, there was no relationship between prenatal famine exposure and smoking in our other studies of famine in the Netherlands, which followed men and women from birth to age 57 years (30, 34) . Another limitation is the fact that women were never called for conscript military service in the Netherlands. Therefore, it was not possible to compare sex-specific outcomes using our study design. The available estimates of mortality among women are based on small sample sizes with imprecise estimates (37) . Cross-sectional studies could provide comparisons of current health among men and women born at the time of the famine, but in another study in the Netherlands no relationship of current health with early-life exposure to famine was seen (48) . Comparisons may be biased by differential survival patterns, as was illustrated by the less adverse health outcomes in men compared with women after earlylife exposure to the Great Chinese Famine of 1959-1961, which could largely be explained by increased mortality among men (49) . Finally, the majority of the cohort is still alive, since it is not yet possible to ascertain deaths beyond age 63 years in this population. Further follow-up of the cohort will therefore be necessary in order to obtain definitive risk measures for deaths from specific causes after nutritional disturbances in gestation and very early life.
Several observations (mostly related to birth weight) have suggested a link between cancer and heart disease incidence and events occurring in the prenatal period. As an example, among men followed to age 30-45 years in a Swedish birth cohort, a 17% increase in cancer incidence was seen for each 1,000-g increase in birth weight, after adjustment for socioeconomic indicators at birth and in adulthood (18) . Additionally, a prospective study of men screened at age 45-59 years and followed for 10 years showed the highest risk of fatal and nonfatal coronary heart disease events among men with the lowest birth weights, independent of adult body mass index (8) . In a study in Hertfordshire, United Kingdom, men born in 1911-1930 with the lowest birth weights had the highest rates of death from ischemic heart disease (50).
These relationships were not seen in our Dutch conscript population. During the Dutch famine, there was a decrease in birth weight of about 300 g among infants exposed during the third trimester of pregnancy but no change in birth weight among infants exposed early in pregnancy (21, 24). Therefore, mechanisms related to birth weight appear to be unsatisfactory for explaining our study findings. In addition, our mortality findings, although they were adjusted for important socioeconomic indicators (such as paternal occupation and conscript's education and body mass index) as in these other studies, are not strictly comparable with findings from disease incidence studies.
The observation that events taking place in early life may affect later disease risk has also stimulated predictive adaptive response and mismatch theories (1). These theories provide a link between an adverse intrauterine environment and an integrated set of responses by the organism "that resets the developmental trajectory in expectation of poor postnatal conditions" (1, p. 1). Any mismatch between the expected postnatal conditions and actual postnatal conditions is then predicted to have adverse health consequences. Although they are potentially attractive, these theories need further development for the formulation of testable hypotheses linking specific health outcomes to changes in the uterine environment at different stages of pregnancy.
In conclusion, we found no increase in mortality from cancer or cardiovascular disease after prenatal exposure to the Dutch famine of 1944-1945. There was, however, an increase in deaths from other natural causes and from external causes among those men with early-gestation exposure. Because the men in our study population were 63 years of age at follow-up, they will now be entering a period of rapidly increasing mortality. This will provide significantly more study power in the future to detect associations between famine exposure by stage of gestation and more narrowly defined causes of death. Because of findings from other studies, we continue to be interested in a possible relationship with mortality from cardiovascular disease, as well as glucose-insulin dysregulation.
